Activity in the motor cortex predicts movements, seconds before they are initiated. This preparatory activity has been observed across cortical layers, including in descending pyramidal tract neurons in layer 5. A key question is how preparatory activity is maintained without causing movement, and is ultimately converted to a motor command to trigger appropriate movements. Here, using single-cell transcriptional profiling and axonal reconstructions, we identify two types of pyramidal tract neuron. Both types project to several targets in the basal ganglia and brainstem. One type projects to thalamic regions that connect back to motor cortex; populations of these neurons produced early preparatory activity that persisted until the movement was initiated. The second type projects to motor centres in the medulla and mainly produced late preparatory activity and motor commands. These results indicate that two types of motor cortex output neurons have specialized roles in motor control.
Activity in the motor cortex predicts movements, seconds before they are initiated. This preparatory activity has been observed across cortical layers, including in descending pyramidal tract neurons in layer 5. A key question is how preparatory activity is maintained without causing movement, and is ultimately converted to a motor command to trigger appropriate movements. Here, using single-cell transcriptional profiling and axonal reconstructions, we identify two types of pyramidal tract neuron. Both types project to several targets in the basal ganglia and brainstem. One type projects to thalamic regions that connect back to motor cortex; populations of these neurons produced early preparatory activity that persisted until the movement was initiated. The second type projects to motor centres in the medulla and mainly produced late preparatory activity and motor commands. These results indicate that two types of motor cortex output neurons have specialized roles in motor control.
Motor cortex activity anticipates specific future movements, often seconds before the onset of movement 1, 2 . This dynamic process, referred to as preparatory activity, moves motor cortex population activity to an initial condition that is appropriate for eliciting rapid, accurate movements 2 . In addition, motor cortex activity is modulated milliseconds before and during the onset of movement, consistent with commands that control the timing and direction of movements 3, 4 . Reconciling these dual roles of the motor cortex requires an understanding of motor cortex cell types, and how these cell types integrate into multi-regional circuits. The motor cortex comprises cell types that differ in their location, gene expression, electrophysiology and connectivity. Intratelencephalic neurons in layers (L) 2-6 receive input from other cortical areas and excite pyramidal tract (PT) neurons [5] [6] [7] . PT neurons, the somata of which define neocortical L5b 8 , link the motor cortex with premotor centres in the brainstem and spinal cord 9, 10 and directly influence behaviour [10] [11] [12] . PT neurons also project to the thalamus 6, 13, 14 . Preparatory activity requires reverberations in a thalamocortical loop 15 . Consistent with roles in both the planning and initiation of movement, PT neurons are structurally heterogeneous 14, 16, 17 and show diverse activity patterns, including preparatory activity and movement commands [18] [19] [20] . Here we show that PT neurons in the mouse motor cortex comprise two cell types with distinct gene expression and axonal projections. We refer to these cell types as PT upper and PT lower neurons, reflecting their distributions in different sublaminae in L5b. PT upper neurons project to the thalamus, which forms a feedback loop with the motor cortex. PT lower cells project to premotor centres in the medulla. Cell-typespecific extracellular recordings in the anterior lateral motor cortex (ALM) during a delayed-response task suggest that PT upper neurons are preferentially involved in motor planning, whereas PT lower neurons have roles in movement execution.
Two types of PT neuron in layer 5
Single-cell RNA sequencing (scRNA-seq) was used to produce a taxonomy of cell types in the ALM and visual cortex 21 . From 9,573 single-cell transcriptomes, glutamatergic neurons in the ALM were grouped into 27 clusters ( Fig. 1 ), which were distinct from glutamatergic clusters identified in the visual cortex 21 . PT neurons form the sole cortical projection to motor areas in the midbrain and hindbrain, and are therefore likely to have important roles in motor planning and execution. ALM PT neurons mapped to three transcriptomic clusters: the Slco2a1 cluster and two other closely related clusters (Npsr1 and Hpgd; Fig. 1 and Extended Data Fig. 1) .
We mapped the structural diversity of PT neurons by reconstructing individual cells 22 Table 1 ; median axonal length: 121,037 µm, range: 80,873-188,105 µm; median branch points: 243, range: 144-540). Patterns of axonal collaterals revealed two neuron types: one group innervated the thalamus (n = 8; Fig. 2a, b ; green hues and Extended Data Fig. 2) ; the other group bypassed the thalamus and branched in the medulla, including the reticular nuclei containing premotor neurons for orofacial movements 23 (n = 4; magenta hues). All cells innervated the superior colliculus and subsets of both groups branched in other areas (Fig. 2a, b and Extended Data Fig. 2) .
We used the adeno-associated virus rAAV2-retro 24 to label neurons retrogradely from the thalamus and medulla. Thalamus-projecting PT neurons were in upper L5b (Fig. 2c, d and Extended Data Fig. 3 ; green cells) 6 and medulla-projecting PT neurons were in lower L5b (magenta cells). This pattern was similar across the primary and secondary motor cortex (Extended Data Fig. 3 ). Retrograde labelling from the superior colliculus and pons labelled PT neurons in both L5b sublaminae (Fig. 2c) . Few neurons were co-labelled by injections into the thalamus and medulla (2.2%; 22 out of 984 cells labelled from either location), whereas many neurons were co-labelled by injections into the thalamus and superior colliculus (77.1%; 687 out of 890 thalamus-labelled cells), as expected from axonal reconstructions.
To link projection classes and transcriptomic clusters, we examined gene expression in medulla-projecting and thalamus-projecting PT neurons identified using rAAV2-retro. All (62 out of 62) medullaprojecting PT neurons mapped to the Slco2a1 taxonomic cluster. Fig. 2f ). Expression patterns of neurons in the Slco2a1 cluster retrogradely labelled from a single structure (that is, superior colliculus, pons or medulla) were not more similar to each other than in pairs drawn randomly from the Slco2a1 cluster (Extended Data Fig. 4a) . Likewise, the projection targets of Hpgd neurons (that is, superior colliculus or thalamus) did not explain additional gene expression variance within that cluster (Extended Data Fig. 4b , c; the Npsr1 cluster was not analysed owing to its small size).
Axonal reconstructions and scRNA-seq data suggest that PT neurons can be divided into two distinct cell types. To determine whether thalamus-projecting and medulla-projecting PT neurons account for most PT neurons, we examined additional PT neurons that were reconstructed partially (thalamus-projecting: n = 3; medullaprojecting: n = 3). All (18 out of 18) partially and fully reconstructed PT neurons projected to the superior colliculus and no (0 out of 18) PT neurons lacked projections to both the thalamus and medulla (Supplementary Table 1) . Thalamus-and medulla-projecting neurons together expressed the complete set of PT neuron genes (Extended Data Fig. 4d ). These results suggest that most, if not all, PT neurons are accounted for by the medulla-projecting and thalamus-projecting types. We refer to the superficial, thalamus-projecting Npsr1-Hpgd cell type as PT upper neurons, and the deep, medulla-projecting Slco2a1 cell type as PT lower neurons, reflecting their laminar distributions.
We next identified marker genes for PT upper (Npsr1-Hpgd clusters) and PT lower (Slco2a1 cluster) neurons. For maximal sensitivity, we combined scRNA-seq with bulk RNA sequencing (RNA-seq) analysis (Extended Data Fig. 4e-i ; 50-100 cells per sample; 6 replicates each). The relative expression levels of differentially expressed genes in scRNA-seq and bulk RNA-seq were highly correlated (Extended Data  Fig. 4i ). Differentially expressed genes identified from scRNA-seq were differentially expressed in bulk RNA-seq (Extended Data Fig. 1c) , and vice versa (Extended Data Fig. 1b) . Several differentially expressed genes were specific for each population. From these, Slco2a1 was confirmed as a marker for PT lower neurons (Fig. 3) . Single-molecule RNA fluorescence in situ hybridization (smFISH) revealed higher levels of Slco2a1 mRNA in PT lower neurons than in PT upper neurons ( Fig. 3c;  bottom) . Npnt was specific for, and spanned, both clusters containing PT upper neurons (Npsr1 and Hpgd; Fig. 3a) . smFISH confirmed that Npnt was expressed specifically in PT upper neurons ( Fig. 3c ; top) compared to PT lower neurons. Npnt and Slco2a1 also marked PT upper and PT lower neurons in the primary motor cortex (data not shown), indicating that the gene expression patterns determined in the ALM generalize across the motor cortex.
Cell-type-specific recordings
The projection patterns of PT upper and PT lower neurons suggest distinct roles in motor control. The cortico-thalamocortical loop is necessary for maintaining persistent preparatory activity related to motor planning 15 . PT upper cells project to the thalamus and lack projections to premotor nuclei in the medulla (Fig. 2a, b and Extended Data Fig. 2) . These characteristics suggest a role for PT upper cells in generating and/ or maintaining preparatory activity. By contrast, PT lower cells project to 
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premotor centres in the medulla and spinal cord, with few collaterals in the basal ganglia and thalamus, suggesting a role in movement execution. We performed projection-specific recordings in the ALM during a delayed-response task 19, 25 (Fig. 4 ). Mice were trained to discriminate object locations with their whiskers 25 and signal their decision about object location with skilled, directional licking (left or right) after a delay epoch (1.3 s). The delay epoch was terminated by an auditory 'go' cue that instructs animals to respond. The ALM is a hub for planning and executing movements in this task 18, [25] [26] [27] . PT upper or PT lower cells were infected with rAAV2-retro expressing channelrhodopsin-2 (ChR2). Fibre optic cannulae were implanted into the thalamus (to activate PT upper cells; Fig. 4c , top) or medulla (to activate PT lower cells; Fig. 4c, bottom) . ChR2-expressing cells in the ALM were identified with axonal photostimulation and extracellular recordings in the ALM using a collision test 18 (61 PT upper cells, 8 mice; 69 PT lower neurons, 4 mice; Fig. 4d and Extended Data Fig. 5 ). Identified PT upper cells were at more superficial recording depths than PT lower neurons, consistent with retrograde labelling experiments (Figs. 2c, d, 4e ). Layer 6 corticothalamic cells, which also innervate the thalamus, were inefficiently labelled by rAAV2-retro 24 and excluded based on recording depth, several hundred micrometres below the PT upper cells. Baseline and trial-averaged peak spike rates were not significantly different (P > 0.1, two-sided t-test) in PT upper cells (baseline: 4.3 ± 3.5 Hz; peak: 17.7 ± 13.8 Hz; median ± s.d.) compared to PT lower cells (baseline: 5.2 ± 4.8 Hz; peak: 17.2 ± 22 Hz). Spike rates in PT lower cells were more heterogeneous across the population (baseline: P = 0.02; peak:
; χ 2 test). A substantial proportion of PT lower neurons displayed spike bursts (18.8%), which were rare among PT upper cells (3.3%; P = 0.006, Fisher's exact test; Extended Data Fig. 5c ).
Most recorded PT neurons had significant selectivity, defined as the difference in spike rate between trial types ('lick left' versus 'lick right'), during at least one task epoch (P < 0.01, two-sided Mann-Whitney U-test; 122 out of 130; 94%). Individual neurons exhibited diverse patterns of activity and selectivity ( Fig. 4f and Extended Data Fig. 5 ). Trial-averaged activity patterns were nearly as diverse within each PT population as across all neurons recorded within ALM (Extended Data  Fig. 6 ). We next investigated how specific task-related signals were represented in each PT population.
Preparatory activity
A subset of PT neurons displayed selectivity that emerged at the start of the sample epoch and persisted through the delay epoch ( Fig. 4f ; left cells), representing a stable encoding of upcoming movement direction 1 . We investigated the emergence and maintenance of preparatory activity in populations of PT upper and PT lower cells. Neurons were pooled across experiments and analysed in activity space, in which each dimension corresponds to the activity of one neuron 27, 28 . Preparatory activity for each movement corresponded to a distinct trajectory in activity space. For each population, we computed the direction in activity space that best discriminated trial types during the first 400 ms of the sample epoch (CD early : 'early coding direction'). We then projected the trial-averaged activity of all cells in the population along CD early , producing the one-dimensional projection of each activity space trajectory with maximal selectivity (Fig. 5a ). In this projection, selectivity was larger and more consistent across trials in the PT upper population compared to the PT lower population (Fig. 5b) . Furthermore, selectivity in the PT upper population remained constant throughout the sample and delay epochs until the go cue, implying retention of decision-related information. By contrast, selectivity in the PT lower population decayed rapidly along CD early (no significant selectivity in 400 ms preceding go cue; P = 0.34, bootstrap). This decay did not reflect a lack of selectivity in the PT lower population: along a different direction in activity space, which maximized selectivity at the end of the delay epoch, CD late , selectivity was substantial in both cell types 18 (Extended Data Fig. 7a , b; PT upper : 40 out of 61 neurons selective; PT lower : 44 out of 69). We next computed the stability of the coding direction. For the PT upper population, the CD remained more similar across the sample and delay epochs compared to the PT lower population (Extended Data Fig. 7c, d ). Differences in coding between PT upper and PT lower neurons could not be explained by variation across animal cohorts (Extended Data Fig. 8 ). As suggested by population analyses, individual PT upper neurons displayed persistent selectivity throughout the sample and delay epochs (Fig. 5c ), exhibited higher early selectivity (PT upper : 0.41 ± 0.04; mean ± s.e.m.; PT lower : 0.25 ± 0.02; P < 0.01), and decoded trial type significantly better than PT lower neurons during the sample epoch (Extended Data  Fig. 9 ). Article reSeArcH
Movement commands
Microstimulation of the ALM is sufficient to initiate bouts of directional licking 18, 29 , but the rhythmic movements involved in licking and swallowing are coordinated by circuits in the reticular nuclei of the medulla 23, 30 . PT lower neurons provide a direct path from the ALM to premotor circuits in the medulla (Fig. 2a, b and Extended Data Fig. 2 ). We reasoned that putative ALM signals driving movement should have selectivity for specific movements and emerge between the go cue and movement onset. In addition, movement commands should lie within an activity subspace that is orthogonal to the direction that predicts movement in the delay epoch; otherwise movement would be triggered prematurely 31, 32 . We determined CD go as the direction that maximizes selectivity in the 400 ms immediately after the go cue, orthogonal to CD late (Fig. 6a) . Along CD go , selectivity was larger, emerged faster, and persisted longer in the PT lower than in the PT upper population (Fig. 6b, c) . In the PT lower population, significant selectivity emerged 24 ms after the go cue, faster than in the PT upper population (48 ms) (Fig. 6c) . The onset of the first detectable movement occurred approximately 50 ms after the go cue onset (99% confidence interval: 38-56 ms). The coding direction changed rapidly at the go cue in the PT lower population, and more slowly, over several hundred milliseconds, in the PT upper population (Extended Data Fig. 7c, e) . Individual PT lower neurons displayed pronounced changes in selectivity at the go cue (Fig. 6d) .
Each bout of licking consists of a sequence of directional tongue protrusions at a stereotyped frequency (approximately 8 Hz; Fig. 4b ). Aligning PT lower activity to the last lick in a bout revealed additional movement-related features. Selectivity along both CD late and CD go ceased with the offset of movement (Extended Data Fig. 10a, b) , simultaneous with an abrupt change in the coding direction (Extended Data Fig. 10c ). This transition was not observed in the dynamics of the PT upper population. Indeed, examining the activity of single neurons in the PT lower population revealed neurons that were strongly modulated at the go cue, at the offset of movement, or both (Extended Data Fig. 10d )-features rarely observed in PT upper cells. These results show that subgroups of PT lower neurons have activity patterns consistent with roles in initiating, sustaining, and/or terminating movements.
Discussion
PT neurons exhibit diverse activity patterns that are related to movement planning and execution 2, 4, 18, 19, 32 . We have shown that motor cortex PT neurons comprise two cell types. PT upper neurons connect with the thalamus and avoid motor centres in the medulla. These neurons tend to show early and persistent preparatory activity. PT lower neurons . Instead, we show that neurons that project to motor centres do not project to the thalamus. Corticothalamic PT upper neurons encode more cognitive signals related to motor planning. The thalamus also receives a projection from L6 corticothalamic neurons, but these neurons are sparsely active, uncoupled from PT neurons, and have weak synapses on thalamic neurons 37, 38 . Preparatory activity appeared early and remained persistent in PT upper neurons, whereas movement commands were observed in PT lower neurons. At the same time, several signals were multiplexed within both populations of PT neurons. For example, preparatory activity emerged in PT lower neurons during the delay epoch (along CD late ) and persisted through the go cue and up to the termination of licking bouts. In the same cell type, and sometimes in the same individual cells (for example, Fig. 6d ; cell #3), activity was modulated after the go cue along a different direction (CD go ), consistent with a movement command. In addition, cell type explained relatively little of the overall variance in neural activity (Extended Data Fig. 6 ). This highlights that even defined cell types express rich population coding.
Future studies that link detailed anatomy with transcriptional profiling might lead to further subdivision of PT neuron types, particularly the Npsr1-Hpgd PT upper cells that mapped to two transcriptomic clusters (Figs. 1, 2) . Exploring the connectivity of each PT type with each other and other ALM cell types, as well as long-range inputs, will be crucial for understanding how motor planning and movement signals arise differentially across the PT neuron populations. In addition to PT neurons, the ALM contains 14 transcriptomic clusters corresponding to diverse intratelencephalic neurons, which project to other cortical areas and the striatum 21 ( Fig. 1) . Identifying the roles of other distinct cell types in movement will require experiments similar to those presented here-in addition to mapping the connections between cell types-and are crucial for understanding the function of cortical circuits.
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MEthodS
Animals.
Mice used for scRNA-seq experiments in the visual cortex and ALM are described elsewhere 21 . Mice used for all other experiments are listed in Supplementary Tables 2 and 3 . Mice were housed on a 12-h light/dark cycle with ad libitum access to food and water, except during behaviour (described in the 'Mouse behaviour' section). For electrophysiological experiments, group sizes were based on the number of identified neurons possible to record in each animal (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) ; Fort Dodge Animal Health) for post-operative analgesia and to reduce inflammation. Surgical procedures were carried out under 1-2% isoflurane anaesthesia. Mice were placed in a stereotaxic headholder on a thermal blanket and their eyes covered with artificial tears (Rugby). Marcaine (0.05 ml, 0.5%) was injected under the skin covering the skull. The skin and periosteum covering the skull was removed and the skull thinned overlying the sites of viral injection(s). For all injections, virus was injected using a manual volume displacement injector (MMO-220A, Narishige) connected to a glass pipette (5-000-2005, Drummond Scientific) pulled to a 30 µm tip (P-2000, Sutter Instruments) that was bevelled to a sharp tip. Pipettes were back-filled with mineral oil and virus was front-loaded before injection. Pipettes were inserted through the thinned bone to the appropriate depth and virus injected at 10 nl min −1
. For electrophysiology, a fibre optic cannula (CFML12L05; Thorlabs) was implanted 200 µm above the viral injection target and a headbar implanted caudal to Bregma. Dental acrylic (Jet repair; Pearson Dental) was used to secure the optic fibre and headbar to the skull and protect exposed bone. Viral expression. All viruses used in these experiments were adeno-associated viruses (AAVs) produced in the Janelia Research Campus (JRC) Virus Shared Resource. Viruses used for scRNA-seq experiments are described elsewhere 21 . For all other experiments, viruses incorporated the rAAV2-retro capsid 24 , with the exception of axonal reconstruction experiments (Fig. 2a, b and Extended Data Fig. 2a-d) , which used AAV2 serotype 1. Viruses used, viral titres, injection volumes, injection coordinates, and associated experiments are described in Supplementary Tables 2 and 4 . scRNA-seq. Single-cell RNA-seq data (Figs. 1a, b , 2e, f and 3a and Extended Data Figs. 1a, b and 4a-c, h, i), were collected and analysed as described elsewhere 21 . A total of 9,573 scRNA-seq transcriptomes were measured from ALM neurons (4,477 glutamatergic) and 14,249 from V1 neurons. To collect individual cells, layerenriching dissections were used from brains of pan-neuronal, pan-excitatory or pan-inhibitory recombinase lines crossed to recombinase reporters (10,752 cells). This dataset was supplemented with 10,414 cells isolated from other recombinase lines. Dissections without layer enrichment, or multiple layers combined, were used for lines with sparse labelling. Additional recombinase lines were selected to capture cellular diversity that was suggested by ongoing analysis of the data. In total, 2,656 additional cells were derived from viral retrograde labelling, with the goal to establish correspondence between transcriptomic types and projection properties. PT neurons were collected from retrogradely-labelled brains (n = 62 medulla injection; n = 94 thalamus; n = 100 pons; n = 97 superior colliculus; n = 2 amygdala; n = 2 zona incerta) and recombinase crosses (n = 10). scRNA-seq analysis. A detailed description of scRNA-seq analysis is provided elsewhere 21 . In brief, 50-base pair paired-end reads were aligned to GRCm38 (mm10) using a RefSeq annotation gff file retrieved from NCBI on 18 January 2016 (https://www.ncbi.nlm.nih.gov/genome/annotation_euk/all/). Sequence alignment was performed using STAR v2.5.3 48 in two-pass mode. Transcriptomic features, extracted by weighted gene co-expression network analysis 39 , were clustered in an iterative and bootstrapped manner. The output of this procedure is a co-clustering matrix, which shows the frequency with which any cell clusters with any other cell in 100 bootstrapped iterative clustering rounds. The transcriptomic clusters are defined by 'cutting' the co-clustering matrix to derive membership of each cell to a cluster. The membership of each cell is tested post-clustering by classification algorithms to assign core versus intermediate identity to cells 40 . Cells that were reliably assigned to only one cluster are 'core' cells 21, 195) ; cells that were assigned to more than one cluster (typically two) are 'intermediate' cells 2,627 cells). ALM scRNA-seq transcriptomes clustered into 27 glutamatergic, 61 GABAergic and 16 non-neuronal types. In scRNA-seq experiments, differentially expressed genes (Fig. 3a and Extended Data Fig. 1a , c) were detected as described previously 40 using the R package limma v3.30.13 41 . In brief, differentially expressed genes were defined as genes with more than twofold change and adjusted P < 0.01, and with expression following a bimodal pattern confined to one cluster relative to the other. Multiple genes were found satisfying criteria for markers. Cluster names (for example, Slco2a1, Npsr1 and Hpgd) were selected from candidate genes as those adding the most discriminability for adjacent leafs of the dendrogram and that were detected in more than 50% of individual cells with preference for globally unique genes 21 . Single-cell axonal reconstruction. The axons of single neurons were labelled and imaged as described previously 22 (Fig. 2a, b and Extended Data Fig. 2a-d) . Neurons in the motor cortex were sparsely labelled using a viral vector encoding either GFP or tdTomato. At least 3 weeks after virus injection, mice were perfused and brains extracted. Brains were embedded in gelatin and cleared using a combination of DMSO and d-sorbitol. The full volume of each brain was imaged at submicrometre resolution using a block-face two-photon microscope with integrated vibratome. Individual neurons were reconstructed manually in three-dimensions using the Janelia Workstation (https://www.janelia.org/confocal-imagery-management-and-analysis-tools) by two independent annotators who were blinded to all analyses. Consensus reconstructions were determined by resolving discrepancies (generally <5%) between annotators. Each dataset was registered to the Allen Common Coordinate Framework 42 using landmark based registration (3DSlicer, Landmark Registration module) and a thin plate spline warp determined between the two image spaces. Neuronal reconstructions were then projected into the reference space to determine the brain area associated with each axonal segment, branch point, and terminus. Histology and imaging. At least two weeks after viral injections, mice were transcardially perfused with PBS (>20 ml) followed by 4% paraformaldehyde (>20 ml). Brains were post-fixed overnight. For immunolabelling (Fig. 2c, d and Extended Data Fig. 3 ), brains were transferred to a 20% sucrose solution for cryoprotection and sectioned coronally at 50 µm on a freezing microtome. In all other cases (Extended Data Fig. 2e ), brains were sectioned at 50 or 100 µm on a vibratome (VT1200; Leica Biosystems). Sections were processed using standard immunohistochemical techniques and imaged as previously described 43 ( Fig. 2c,  d and Extended Data Figs. 2e, 3 ). Brightness and contrast were adjusted manually to match approximate luminance values across imaging experiments in a linear fashion using ImageJ/Fiji. Bulk RNA-seq. Cells retrogradely labelled from the thalamus, medulla, pons, and superior colliculus with GFP or tdTomato were collected by manual cell sorting 44 (Extended Data Figs. 1c, d, 4d-g, i) . Approximately 50-120 cells were collected per sample, with 7 biological replicates performed each for thalamus and medulla and 3 replicates each for superior colliculus and pons. Cells were isolated by manual cell sorting on a fluorescence dissecting scope, following micro-dissection, trituration and enzymatic digestion as described previously 45 . Following pooling and lysis, total RNA was extracted by Picopure kit (KIT0204; Thermo-Fisher). Amplified DNA was produced using Ovation RNA-seq System V2 kit (7102; NuGEN), fragmented to ~200 bp, ligated to Illumina sequencing adaptors with Encore Rapid kit (0314; NuGEN), and sequenced on an Illumina HiSeq 2500 with fourfold multiplexing (single end, 100=bp read length). Bulk RNA-seq analysis. Adaptor sequences (AGATCGGAAGAGCACA CGTCTGAACTCCAGTCAC) were removed from reads using Trimmomatic 0.36 46 , mapped using STAR 2.5.3a 47 to the Ensembl mouse genome GRCm38.p5, release 90 (https://www.ensembl.org\). Mapped reads were normalized to the total number of reads per sample (counts per million). Principal components analysis of the 7 thalamus-projecting and 7 medulla-projecting replicates showed that a single replicate from each behaved as an outlier. Thus, for further analysis, 6 replicates were considered for each. Three replicates were performed for both superior colliculus-projecting and pons-projecting neurons with all replicates used in further analysis. Similar numbers of genes were detected in each of the bulk RNA-seq samples (thalamus: 12,317; medulla: 12,363). These numbers were higher than the genes detected across all cells in scRNA-seq (Extended Data Fig. 4e-h ). In bulk RNA-seq experiments, differential expression analysis was performed using EdgeR 48 . Genes were determined to be differentially expressed (Extended Data  Fig. 1b, d ) between PT upper and PT lower cells according to the following criteria: false discovery rate of 1 × 10
, mean expression fold change >2, and non-zero expression in at least 5 of 6 replicates. A number of potential marker genes were identified for both PT upper and PT lower neurons from both scRNA-seq and bulk RNA-seq (Extended Data Figs. 1, 4i) . Slco2a1, the gene selected as the name for the PT lower cluster from scRNA-seq data, was confirmed as having high expression in PT lower neurons and low expression in PT upper neurons (Fig. 3 and Extended Data Fig. 1a, c) and was thus chosen as a marker gene for PT lower neurons. Npnt was chosen as a marker gene for PT upper neurons as it was highly expressed across both the Npsr1 and Hpgd clusters and was differentially expressed in both scRNA-seq and bulk RNA-seq as well, with little expression in other layer 5 and 6 clusters, GABAergic neurons, and glia. In situ hybridization. Animals were perfused with 4% paraformaldehyde and brains were post-fixed in 4% paraformaldehyde overnight at 4 °C. Brains were then rinsed in PBS and cryoprotected in 30% sucrose, and 20-µm thick sections were cut on a cryostat. smFISH (RNAScope) followed by immunohistochemistry was Article reSeArcH performed on fixed frozen tissue from mice injected with rAAV2-retro-GFP in either the thalamus or medulla (Supplementary Tables 2-4) as per protocols for fixed frozen tissue using proprietary probes from Advanced Cell Diagnostics (ACDBio). Probes used in this study (Mm-Npnt: 316771; Mm-Slco2a1: 485041) were detected using proprietary detection reagent (RNAscope Fluorescent Multiplex Detection Reagents, 320851), using Amp4 Alt B (Atto 550). After smFISH, sections were rinsed in PBS, and blocking buffer (2% BSA and 0.3% serum) was applied for 5 min. Primary antibody (Aves-Labs, GFP-1020) was diluted in the blocking buffer (1:100) and incubated overnight at 4 °C. Sections were rinsed in PBS three times (5 min) and incubated with secondary antibody goat anti-chicken AF 488 (A-11039, Invitrogen; diluted 1:100 in blocking buffer) at room temperature for 2 h. Sections were then rinsed in PBS and coverslips were added with Vectashield containing DAPI (H-1500; VectorLabs). Images were acquired as 7-µm thick stacks collected using a 40×/1.3 numerical aperture (NA) objective (pixel size, 0.11 × 0.11 µm) on a Zeiss 880 inverted confocal microscope. Punctate mRNA signal was quantified on cell volumes from maximum intensity projection of the Z-stacks in the ALM and primary motor cortex (AP: 0.0 to +1.0, ML: 1.0 to 2.0) using Neurolucida (MBF). Single image planes are illustrated in Fig. 3b . Mouse behaviour. Mice were water-restricted and housed on a 12-h reverse light/ dark cycle with testing during the dark phase. On days in which mice were not trained, they received 1 ml of water. Behavioural experiments lasted 1-2 h per day, during which mice consumed their daily water intake (approximately 0.5-1.0 ml). Mice unable to sustain stable body weight were given supplementary water. Mice were trained using operant conditioning as previously described 25,49 until reaching behavioural criterion (>75% trials correct). At the beginning of each trial, a vertical pole moved within reach of the whiskers (200-ms travel time). The pole remained in position for 1.0 s and then was retracted (200-ms travel time). The sample epoch was defined as the 1.0 s during which the pole was in range of the whiskers and stationary. After the pole was removed, the mouse was trained to refrain from licking for an additional 1.3 s (delay epoch) before an auditory 'go cue' (pure tone, 3.4 kHz, 0.1 s duration) instructed the mouse to lick (reward epoch). Premature licks during the sample or delay epoch resulted in a restart of the requisite epoch and these trials were excluded from all analyses. Licking the correct lick port after the go cue led to a small water reward (3 µl). Licking the incorrect lick port triggered a timeout (2-10 s). Trials in which mice did not lick within a 1.5-s window after the go cue were rare and typically occurred at the end of a session. Videography. Video was acquired at 400 Hz framerate from below and to the side of the mouse using CMOS cameras (CM3-U3-13Y3M, FLIR) with a 4-12 mm focal length lens (12VM412ASIR, Tamron). Camera data were acquired using BIAS (IORodeo). Reaction times were determined by measuring the luminance change in a small region of interest manually placed just below the jaw in side-view movies. Luminance traces were averaged across all of the trials within each session (453 ± 79, mean ± s.d.; range: 295-551). 95% confidence intervals for reaction time were calculated by bootstrapping session means across mice (n = 3) and sessions (n = 14). Little inter-animal variation was observed in session-averaged reaction time. Electrophysiology. A small craniotomy (diameter, 0.5-1 mm) was made over ALM (AP: 2.5, ML 1.5) one day before the first recording session. Extracellular spikes were recorded using silicon probes containing two shanks each with 32 channels with 25 µm spacing (H2; Cambridge Neurotech). The 64-channel voltage signals were multiplexed, recorded on a PCI6133 board (National Instrument), and digitized at 14 bits. The signals were demultiplexed into the 32 voltage traces, sampled at 25 kHz and stored for offline analyses. A total of 4-7 recordings were made from each craniotomy on consecutive days. The tissue was allowed to settle for 10 min before recording.
To optogenetically tag PT upper and PT lower neurons during recording, we expressed ChR2-YFP or ChR2(H134R)-GFP selectively in each population using a viral injection into the medulla or thalamus as described above. During each recording session, more than 1,200 photostimuli were delivered at 4 Hz just before and after the behavioural session. Photostimuli were 0.1-0.5 ms at 80-100 mW (measured just before the implanted fibre optic cannula). Reliable antidromic activation was observed in 1-6 units per session. Owing to the proximity of the cerebral peduncle, subthalamic nucleus and zona incerta, which contain projections from both cell types, a smaller viral injection was performed in the thalamus (50 nl) than in the medulla (50-200 nl), resulting in fewer tagged PT upper neurons per mouse. Across all sessions recording PT upper neurons, mouse performance was 85.4 ± 7.8% on lick left trials and 89.3 ± 9.4% on lick right trials (mean ± s.d.; n = 37 sessions in 8 mice; left hemisphere). In PT lower neuron recordings, performance was 83.5 ± 6.3% on lick left trials and 86.3 ± 8.2% on lick right trials (n = 23 sessions in 4 mice; both hemispheres). Mice performed a median of 107 and 105 correct trials on lick left and lick right trials respectively in PT upper recordings and 117 and 108 correct trials during PT lower recordings. PT neurons recorded from the left and right ALM did not differ and were combined in all further analysis to increase statistical power.
In addition, 495 unidentified single units were isolated from 15 sessions from the same cohort of animals in which PT upper neurons were tagged, and 511 unidentified single units were isolated from 14 sessions from the same cohort in which PT lower neurons were identified. Unidentified neurons were isolated in the same proportion as tagged neurons across animals. To produce depth-matched samples of unidentified neurons (Extended Data Fig. 8 ), we restricted analysis to experiments from the left ALM because recordings from the right ALM were made using oblique penetration angles and were biased towards deep L5b. By contrast, recordings from left ALM were obtained with penetrations perpendicular to cortical layers. Electrophysiology data analysis. Extracellular recordings were band-pass filtered (300-4,500 Hz; second order Butterworth filter) and the common mode on ±4 sites was subtracted from each channel. Events were detected using JRClust 50 and spikes from tagged units (n = 143) were sorted manually using a custom program written in MATLAB. All other units were sorted using JRClust 50 . Extreme care was taken to restrict analysis to tagged units that could be sorted with a low number of false positive spikes (mean inter-spike intervals less than 2 ms = 0.02%; Extended Data Fig. 5 ) so that neuronal responses could be faithfully attributed to the correct cell type. Despite this, spike rates were similar to those measured in other ALM recordings in the same task 18 indicating that the false negative spike rate remained low. Information from 4-7 adjacent recording sites was used for sorting each unit. Units recorded during behavioural sessions in which performance was not greater than 65% for both trial types were excluded from the dataset. Units recorded during behavioural sessions with less than 50 correct trials of each type were excluded (13 units were rejected; 130 were kept for further analysis). Unit depths (Fig. 4e) were inferred from manipulator readings only without correction for the angle between the electrode penetration and the orientation of cortical layers. Collision tests were performed for all tagged units to confirm axonal projections to the thalamus or medulla 18, 51 (Fig. 4d) . Trial-averaged spike rates were calculated in 5 ms time bins and filtered using a causal 50 ms boxcar filter. 
For each neuron, the mean difference in spike rate between lick right, x lick right , and lick left trials, x lick left , was calculated in a 400-ms time interval. This vector was divided by the square root of the sum of the across-trial variances of spike rate for each trial type. The resulting vector (v) was then normalized by its L 1 norm so that projections would not scale with vector length (number of cells in population) to produce the coding direction, CD. Coding directions were calculated in the first 400 ms of the sample epoch (CD early ; 2.5 to 2.1 s before the go cue) the last 400 ms of the delay epoch (CD late ; 0.4 to 0.0 s before the go cue) and the first 400 ms of the response epoch (CD go ; 0.0 to 0.4 s after the go cue). CD go was orthogonalized to CD late using the Gram-Schmidt process to isolate selectivity emerging after the go cue, independent of the component of CD late that persisted into the response epoch. Coding directions were calculated separately for the PT upper and PT lower populations.
Projections of the activity of each PT population along the coding directions (p lick right , p lick left ) were calculated as: . For selectivity, shaded areas represent 5-95% confidence intervals, thereby indicating where projections are significantly different from zero (P < 0.05, one-sided test, bootstrap).
